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INTRODUCTION 
The simulation of the UTR-10 at Iowa State University 
of Science and Technology is of considerable value in making 
preliminary studies of certain experiments . The approximate 
change in reactivity caused by introducing a sample or deviee 
into the core of the reactor can be determined from knowledge 
of the properties of the sample material, size of sample, and 
geometry of sample. The approximate change i n reactivity can 
be set up as a voltage on the analog computer, and the ap-
proximate response of the reactor with its control system can 
be determined. 
The reactor controller is automatically disconnected if 
the actual power level deviates more than 10 per cent from 
the set point power level . The analog computer is not subject 
to the restriction that the power excursions be less than 10 
per cent; therefore, the magnitude of probable excursion can 
be determined and trial adjustments can be made in the reactor 
controller analog to determine proper values, if there are 
any, that will keep the power level excursion within the 
prescribed limits . 
The UTR-10 is simulated on three Heathkit electronic 
analog computers. The outputs of the selected amplifiers are 
recorded on a 4- chann~l Brush recorder. The sinusoidal 
disturbance used as input for the analog is obtained from a 
Hewlett-Packard low frequency function generator . 
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The reactor controller analog and the ion- chamber~mier o~ 
microammeter-recorder analog are connected to a single-core 
reactor analog in the more conventional reactor control simula-
tion as described by Schultz (20 ). Later a two-core analog 
similar to that studied by Baldwin (1) and Danofsky (7) is 
used instead of the single- core reactor analog . 
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REVIEW O:F LITERATURE 
The original work of Harrer, Boyar , and Krucoff {12) , 
in which the transfer function of the nuclear reactor was 
det ermined , made it possible to analyze automatic control 
systems for the reactor . The reactor transfer function was 
a development by Franz from earli er work by Hurwitz (14) in 
the derivation of the pi le kinetic equations usi ng simplifying 
assumptions. 
Bell and Straus (2) did some of the early work on 
electronic simulators of nuclea r reactor s in their development 
of the Oak Ridge National Laboratory computer. Later Bryant 
and Morehouse (3 ) worked out the analog computer solution of 
the non-linear reactor kinetics equation using different 
values of average neutron lifetime and fractions of del ayed 
neutrons . A general discussion of some reactor analogs is 
included in Glasstone (10) and Glasstone and Edlund (11) . A 
study of the theory of the two•core reactor has been pr es ented 
by Baldwin ( 1 ) • 
A simulator used for the training of reactor operators 
of the PWR which used analog computers over a range of three 
decades of operation was described by Franz and Alliston (9) ; 
an elaborate el ectronic analog computer was used in the study 
of the control of the ORNL .X-10 reactor by Stone and Mann 
( 21 ). 
General treatments of regulating sys t ems a.nd their 
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analyses are the subject of works by Eckman (8), Caldwell, 
Coon , and Zoss (4), and Savant (19) which may be used in the 
study of control systems of nuclear reactors as well as other 
process control. The two volumes by Chestnut and Mayer (5, 6) 
are· complete in. the design and analysis of servo ... 
mechanisms (and analogs). 
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THE TRANSFER FUNCTION OF THE REACTOR 
The reactor geometry is held constant to eliminate any 
change in the geometric buckl ing in the diffusion equation 
gi ven by Glasstone (10, p . 170) 
'v' 2 fo (r ) + B2~( r ) = 0 (1 ) 
The location of the neutron detector, an ion chamber 
when in the power range, remains constant; therefore, the 
flux at the ion chamber will have the same constant of propor -
t i onality to the flux at any other given point at all times . 
The flux at any one point will always have the same rati o to 
the flux at the detector at steady- state. 
The block diagram of the UTR-10 reactor is given in 
Figure 1. The transfer function for the reactor without 
temperature coefficient is an approximation derived from the 
differential equations for the time rate of change of neutrons 
and for the time rate of change of concentration of delayed 
neutron precursors. 
~ _ keff - l I?: 
dt - 1 * n - ;_i.J.n + Ai ci + S (2 } 
de 
dt 
The constant 1 * is the effective t ime between succeeding 
generations of neutr ons, keff is the multipli cation factor 
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of the reactor, n is the number of neutTons per cubic centi-
meter, /3 1 is the fraction of delayed neutrons, Ai is the 
decay constant of the delayed neutron precursors, and c1 is 
the concentration of the delayed neutron precursors of group 
i . Sis the number of neutrons per cubic centimeters per 
second supplied by the start-up source and is insignificant 
at operating levels. The equations can be t-Jri tten using one 
group of delayed neutrons where keff closely approximates 
unity with sufficient accuracy using averaged values for the 
constants. Equation 2 can be stated in words as follows: 
The rate of change of neutrons is the rate of production of 
neutrons by prompt fission less the rate at which neutrons 
are delayed plus the rate of neutron production by decay from 
precursors plus the source t erm. Similarly Equation 3 can 
be stated as the rate of change of concentration of the de• 
layed neutron precursors is equal to the rate of change of 
delayed neutrons less the rate of decay of delayed neutron 
precursors. The equations based on one- group of delayed 
neutrons are as follows: 
dn keff - 1 /3 Ac dt = 1* n - - n + (4) 1* 
g.Q. /3 Ac (5) dt =*n-1 
The excess reactivity 1s keff - 1. 
The differential equations can be stated in terms of 
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deviations from steady-state conditions. Let k f,:,:::: k + S k e .L o 
where k0 is the steady-state value of the multiplication 
factor, and Skis t he change in reactivity from the steady~ 
state multiplicat ion factor; as a result n = n0 + 8 n and 
c = c0 + Sc where n0 is the steady-state value of neutron 
density and c0 is the steady-state concentration of delayed 
neutron precursors, with Sn and sc being small excursions 
from the steady- state values. 
dn d 8n k + Sk - 1 - f3 0 0 ( n + S n)+ A(c
0
+ Sc) dt = +dt = 1* 0 
rut 
= 0 + d Sc = J!.. (n + Sn) 
-
A(c + Sc ) dt dt 1 * o 0 
(6) 
(7) 
Equations 8 and 9 can be written for steady- state conditions. 
(8 ) 
(n ) + Ac = 0 0 0 (9 ) 
Therefore, Equations 10 and 11 can be written for small ex-
cursions . 
ddtn ~ l ~ k (no)+ l~k Sn+ ko ~/ -!3 (c'ln) + Ac (10) 
ddtc =~ Sn - A~c (11) 
· ok The second order differential -r 8 n may be neglected be-
1 
cause it is infinitesimal when compared with 8 ~ n
0
, and the 
1 
two equations may be written in Lapl ace- transform opera tional 
fo-rm. 
s Sn(s ) 
8 
k-1-..,P 
8k (s) + ,_;;,.0 --,..---1 * 
/3 
s Se(s) = :-;- Sn (s) ... A Sc (s) • 
1 
~n (s) +A Sc(s) (12) 
(13) 
The initial condition t ransf orms a re dropped because the 
transfer functi.on is defined in t erms of steady- state re-
sponse. 
The t wo Laplace Equations 12 and 13 can be combined into 
one new equation. 
If 
~c {s) p =* l 
Sn (s) 
s+A (14) 
s Sn (s) = ~ S k (s) - s [~ Sn (s) s ! A] (15) 
and 
on (s) 
~k Cs) 
_ no l 
- 1 * s [ 1 + l * (: + A)] {16) 
This closely parallels the development of the transfer 
function by Schultz (20) and is justified by an experiment 
performed by Harrer, Boyar , and Krucoff (12). 
The equa tions can be stated in terms of flux by replac-
ing n by~ where vis the thermal neutron velocity of 
2 . 2 x 105 cm/sec. The transfer function of the UTR-10 can 
be evaluated by using an average neutron life-time 1 * of 
1.35 x 10- 4 sec., an average delayed-neutron-decay time ).. 
9 
of 0.08 sec.-1 , and an average delayed-neutron fraction /i 
of 0. 0064. 
S @ ( s) 12 .1+8 0 0 ( o:tg + 1 ) 
bk ( s) = s 
s <47-5 + 1) 
(17) 
Equation 17 agrees with the transfer function in the 
block diagram of Figure 1 supplied by the manufacturer ' s 
representative* if the value of 12. 48 is rounded off to 12 . 5. 
The gain and phase shift versus frequency curves for the 
single core reactor without temperature coefficient are shown 
in· Figure 3. The calculated values are based on the assump-
tion that only small excursions occur, which may not always 
be true. The symbol 00 in the block diagram represents the 
steady-state value of flux and can be used with little error 
for small excursions . The transfer function of the r eactor 
is as follows: 
The equation for the reactor, based on the trans-
fer function given in the diagram, is written in opera-
(18 ) 
* Letter from R. F. Crews, Advanced Technology Labora-
tories, a Division of American-Standard, 369 Whisman Road , 
Mount ain View, California to Dr. Glenn Murphy, Iowa State 
University, Ames, Iowa dated June 25, 1959, giving answers 
to technical questions and furnishing a block diagram of 
reactor and control system. 
Reactor 
er hamb 
12.5t( 0.~8 + 1) Amperes 6.25 X 10-15 · Sf ~ &k ~ , , 
~ s (4j5 + 1) ._ Sf 8k 
V Temperature coefficient Reactivit y ( ,06) ( ,o-6 l l-.+ 1.3 X 10-15 -- -4 1.15 X 10 Micromicroammeter ! + 1 \ Setting ( s +( s +~ 0.0136 . 0.069 •• 
Volts 
Rod posi tion 
10 Controller 16.8 21 + 1 Recorder 
( 2 ) - Error s s + 1 .. .. 0.1671 I/60T + I/50 ~ Rod slidewire 
position 
ex. P°lo s 
~wire 
position 
P°lo is Proportional Band Adj. (10 to 200%) 
I is Reset Response Adj. (0.5 to 100 Repeats per min.) 
T is Rate Response Adj. (0.5 to 11.5 sec.) 
0( is Fraction of full scale setting ( Screwdriver adj.) 
Figure 1: Block diagram furnished by reactor manufacturer 
1---' 
0 
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tional form in E~uation 19. 
Inasmuch as 00 appears as a constant in the t:ransfer 
function , a check of the analog may be made for any value of 
~ 0 , and should be valid for any other value of 00 • The value 
~o = 5 x 108 neutrons/cm2/sec. is used and the equation for 
the reactor is as follows: 
s2 S~ = 47, 5 s 6fo + 7422 (5 x 108) s Sk 
+ 593 . 75 (5 X 108) 8k ( 20 ) 
The maximum output voltage that the Heathkit electronie 
analog computer can use is 100 volts. The excursions can add 
to 00 as well as subtract from !00 ; therefore , a choice of 
½ machine unit or 50 vol ts is made as the steady- state value. 
Conversion factors can be obtained by the method of amplitude 
scaling described by Korn and Korn (17). 
s. 1 machine unit 
a~ - maximum expected value of 0 units (21 ) 
a _ ½ maehine unit ~ - , X 10$ (22 ) 
/is used as the machine quantity for flux and 0 = (109) J 
with 895 = (109 ).6.f and } 0 = ½machine unit or 50 volts. 
The maximum value of 8k can be 0. 005, so the scale factor 
for reactivity i s shcrwn below. 
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a Sk = 0,605 = 2 x 102 (23) 
~k = 5 x 10-3 ~ K where ~ K is the machine quantity for 
reactivity. The analog will have the same time scale as the 
reactor. The machine equation for the reactor can be written 
in two steps; first, substituting for ~0, 0
0 
and 8k; then 
dividing the equation by the factor 109• 
s
2 (109 )~j = - l+7. 5' s (109)~j + 7422 (5'x108 ) s(5xl0-3)~ K 
+ 594 ( 5x108 )(5x10-3 ) 6.K (24) 
Equations 26 , 27, 28, and 29 show that the above equation is 
vali d for any value of 00 provided that J O on the analog 
computer is j- machine unit with L'.'1 K ::: 2 x 102 Sk (~Kin 
machine units). 
a{tJ = -t:5-
o 
( 26) 
The equation for flux will be: 
j [00] 
o. 5' (27) 
The steady state value of flux can be written as: 
J2j = Po [00] 
0 0.5 (28 ) 
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The flux devi ation will be: 
(29) 
The reactor equation can be written in terms of machine 
constants . 
[~oJ 
0.5 
+ 7422[_00 ] s (5xio-3)~ K + 594[00 ] (5xlo-3)~ K (30) 
Equation 25 is obtained by dividing Equation 30 by 2 [00 ] . 
This analog has a serious drawback: It requires the 
use of a differentiating circuit which is undesirable as it 
is subject to noise. 
Another approach to the analog solution of the reactor 
equations can be used. The differential Equations 12 and 13 
for the rate of change of neutrons and the rate of change 
of the concentration of delayed neutron precursors can be 
U$ed. Excursions of S0 from a steady-state value 00 suggest 
that one scale factor be chosen for the analog computer so 
that 00 is½ machine unit; therefore, a0 = 2 {valu~ of ¢0 ) 
using the method from Korn and Korn (17). The maximum ex-
5 h ... 1 cursion of ~k permitted is z o.oo; t erefore, a 3k - 0 . 005 
2 
= 2 x 10. The maximum excursion of Se is not known, so a 
10-6 . trial a Sc= --r;- is made checking the maxi.mum value of the 
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excursion in the computer while in operation. If a nominal 
flux value of 5 x 108 neutrons/cm2/sec. is chosen, the rela-
tionship between the reactor variables and the computer vari~ 
ables will be: 
S0(s) =· 2(00 ) 6 p = 109 6 p 
Sk(s) = 5 x 10-3 6 K 
Sc {s) = 4 x 106 6 C 
(31 ) 
(32) 
(33) 
These values for S0, Sk, and Sc may be substituted in the 
reactor equations, resulting in the following pair of equa-
tions: 
s 6J = 18. 566 K - 47. 5 6P + 70.46 c 
--s6 C = -O. O54 D,. p + 0.08 6 C 
(34) 
(35) 
The circuit diagram for the reactor analog is shown 
in Figure 2 . An additional input for 6. IS_ is shown for 
use in eonnection with the reactor controller. The 6 K
0 
input is the input for an external disturbance. Experimental 
results of test runs on the reactor are plotted in Figure 3 
and agree with the theoretical curves within experimental 
accuracy. 
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North computer 
Differential equation: 
s8ef,(s) = 7422 ~o Sk(s) - 47.5 34>(s) + 1.76x 104 Sc(s) 
Analog equation: SL:).£= 18.56 f:).K -47.56.f + 70.4 6.C ( 34) 
1A -47.5 f:).! 
1B +18.561:).Ko To recorder 
2A + 70.4.6C 1 38 
+ 18.56 6.K1 s f:).f - f:).f 5A 
-5 
Differential equation: sgc(s) = 21.58 x 10 ot(s) - 0.08 8c(s) 
Analog equation: · -s6.C = -0.054 f:).t + 0.086.C (35) 
+0.086.C 3A-----~ 
-0.05406.1 381-------=-_.__-------1 
Disturbing function 
Output of 
sine 
wave 
6.K 12B1------1 
function generator 
- s 6.C 
>------1IOA __ 0_.1____,. 
-------13A 
+6.C 
10 >------1 1B 
-. 0.16.K0 
Figure 2: Circuit diagram of single-core reactor analog 
and disturbing function 
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AUTOMATIC REACTOR CONTROL SYSTEM 
The automatic control system for the reactor is considered 
in three groups accordi ng to the adjustments and outputs 
available to the operator of the reactor. The ion chamber 
and the micromicroammeter, which has a setting to adjust the 
maximum values that can be read on the meter, are considered 
as a single unit. The recorder is considered separately at 
this time because it has a visible recording output x, a 
desired output adjustment potentiometer or set point R, and 
an error vol tage output to the reactor controller ~x = R - x. 
The equations for the error voltage signal can be determined 
from ·the block diagram of Figure 1 . 
~x = R _ (. 
5
lO ) (volts input t o recorder ) \25' + l . 
6.25 X 10- l 4 (~
0 
+ ~~) 
= R - ------~------- - (36) 
<½; + l}{e + l ) (Micromicroammeter Setting) 
The symbol './"/"AM Set" will be used to mean the value 
of the micr omicroammeter setting in the remainder of this 
discussion. The error voltage is zero at steady- state condi-
tions; therefore, the steady-state component of the output x, 
to yield the equation of the error signal in terms of the 
flux deviation S0, is as follows: 
6. 2~ x.· 10- 14 ~ ax = R - ------~....;;;.,------------- .,,, (~ + l) (t + l)W AM Set) (37) 
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but 
B = 6.25 X 10-14 0 
/'"jAM Set o (38) 
therefore 
- 6. 27 X 10-l4 ~0 
&x = - - ------------------- ---(E + 1)(~ + lHrrAM Set) (39) 
The values of Rand x are restricted to always be less 
than 1 . 00; furthermore , the micromicroammeter setting is in 
defi nite steps; therefore , Table 1 is presented, which lists 
the maximum neutron flux that can be registered on the re-
corder at the various micromicroammeter settings. 
The output signal x consists cf the steady-state output 
signal x0 plus the deviation Sx. 
x = x + Sx 0 (40) 
The above equation can be converted to the equati on for the 
error voltage si gnal from the block diagram, by changing the 
sign on Sx, which is actually done in the r eactor control 
equipment, and setting x0 equal to R. 
~X = X - X = R - X 0 
6 5 -14 = ________ • 2 ........... x___.1 __ 0 __ . _ _____ _ 
(~ + lHf + l)(ffAM Set) 
(41) 
'I'he curves for gain and phase shift versus frequency 
for the system consisting of ion-chamber, micromicroammet er, 
recorder~ and set point are shown in Figure 4 for a micro-
microammeter setting of 10 x 10-5• The curves ar~ plotted 
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Table 1 . Micromicroammeter settings for various flux levels 
at ionization chamber 
Mi'cromicroammeter reading Neutron flux at detector 
(neutrons/cm2Lsec.) 
10 X 10- ~ 
3 X l◊-'T 
10 X 10- 5 
3 X 10-5' 
10 X l◊-6 
3 X 10'"'6 
10 X 10- 7 
3 X 10- 87 
10 X 10- . 
-8 16 ~ 18-9 
3 X l◊-9 
10 X l◊-lO 
3 X 10- lO 
10 x 10-ll 
3 x 1◊-ll 
10 X 10'"'12 
Basis : . ~ 
Amps= 6. 25 x 10-1✓ 0 
Volts - 10 10 . ( 
6 ) ( -6 
- ~ + 1 { r;Ammeter 
Max. Volts= 0.1 
1 . 6 X l O~O 
4 . 8 X 109 1.6 X 10 
8 4. 8 X 108 
1 , 6 X 10 
4 .8 X 10~ 
1 ~6 X 10 
4 . 8 X 10: 
1 . 6 X 10 
4. 8 X 10i 
1 . 6 X 10;, 
4. 8 X 10t 
l . 0 X 10 
4 . 8 X 1033 
1 . 6 X 10 
4 .8 X 10~ 
1 . 6 X 10 
(Amps ) \ 
Setting >/ 
20 
for the deviation in output divided by the deviation in flux 
~¢• The choice of 10 x 10- 5 as the setting on the micro-
microammeter is made to permit a steady-state flux of 5 x 108 
neutrons per square centimeter per second to be used. 
The transfer function can be written as an equation in 
terms of s. 
s2 Sx(s) + 29 s Sx(s) + 100 i x(s ) 14 = -6.25x10- 80 ( f'./"" AM Set) (42) 
2 . 6 . 25 X 10-l4 
s 8x( s ) = -29s 8x(s) - 100 Sx(s) - <r,l"AM Set) 8~ (43) 
Inasmuch as the output of the micromicroammeter can be 
r ead at the r eactor control panel, it is desirabl e that a 
voltage on the reactor simulator corresponding to the reading 
on the micromicroammeter be available. The equation for the 
micromicroammeter reading can be written in terms of the 
steady-state value and the deviation from steady- state. 
::: ( s106 )(< 1~6 Set)) 6.25xlo-15((21o + 80) 
l+ + 1 I"/" 
6.25 X 1o•l5' 
v o = Cr.I" Ai."! set 1 ° o
8v = 6. 25 X 10-l? 80 
(~ + 1) (;"')" AM Set) 
(44) 
(45) 
(46) 
The equation can be written as a function of s with a micro-
microammeter setting of 10 x 10-5. 
s Sv (s) = - 4 i v (s) + (25 x 10- 11 ) 8(7J(s) (47) 
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The computer equation can be written from the equation as 
a function of s by using the machine relatlonships previously 
developed . 
80(s) = 109.6. f ; Sv (s) = O.l ~ V 
s 6.V = -4 ,6.V + 2.5L:~J 
The voltage ~V can be added to a steady- state value to 
simulate the reading of the micromicroammeter. 
(48 ) 
The deviation of the recorder output Sx can be deter-
mined from the micromicroammeter output deviation Sv by the 
following transfer function: 
8x(s) = lO i v(s) 
(~ + 1) 
(49) 
s 8x(s) = -25 Bx (s) + 250 Sv (s) (50) 
The machine equation can be developed by using the relation-
ships Sx(s ) = ..6 X and Sv ( s) = 0 . 1 .6. V. 
s 6.X = - 25..6X + 25 ..6V (51) 
The reactor controller transfer function is an approxi-
mation for a large gain in the actual transfer function as 
determined by the controller manufacturer, the Minneapolis-
Honeywell Regulator Company (18 ) . Curves for the gain and 
phase shift versus frequency for the approximate controller 
transfer function, furnished by the r eactor manufacturer in 
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the block diagram of Figure 1, are plotted in Figure 6 for 
the reactor controls set at the following values: 
Proportional Band Adj . ( a:p% ) ••• 100 
Reset Response Adj . ( I ) • •.•• 0.5 Repeats/min. 
Rate Response Adj . ( T ) ••••• 0,5, 2, 7, and 11. 5/sec . 
The rod position factor and the reactivity factor are combined 
with the controller transfer function. 
The controller equation, as a function of s, can be 
written from the transfe r function of the block diagram of 
Figure 1. 
4 0 ,162 I [ s 2 s ] 8k(s) =-(l,15xl0- )(16. 8) ~ P% 5 Ll/(60 T) + I/60 + 1 &x 
( 52) 
-4 fi ~ 
- s Sk(s) = 3.-~~%J.O · L60 T s2 Sx(s) + 60s 8x{s)+ I 8x(s ~ 
( 53 ) 
The reactor controller settings of o: P% = 10, I = 5.0, 
and T = 11 , 5 are chosen initially in order that a large range 
of settings on the r eactor simulator may be obtained by simply 
varying the settings of the proper potentiomet ers. 
-s Sk(s ) = 2 . 2x10-2 s2 cSx(s) + 1.932x10-3s 8x + l , 6lxl0- 4 8 x 
(54) 
The machine r elationships 8 k (s) = 5 x 10- 3~ K and 8x = ~ X 
a re used to convert the controller equa t .ion to the analog or 
simulator equation. 
- s ~ = 4.44 s2~ x + 0 . 386 s .6X + o . 0322 ~ x < 55) 
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The computer equation has a term that requires a voltage cor~ 
responding to s2.6.x, which may be determined by changing the 
computer equation 48 to one order higher ins through multi-
plication bys. 
s
2
.6.x = -25 s.6.X + 25 s .6.V (56) 
All of the components of the reactor control system are 
represented by the machine equations and circuit di agrams in 
Figure 5. The controller analog had some very small voltages 
at certain frequencies and large voltages a t other frequencies 
so the controller analog was modified to reduce the output 
of amplifier No. 2 to values within its proportional limit. 
The amplifier null adjustments on the analog computer must 
be made by s eparating each amplifi er from the circuit and 
adjusting the null potentiometer to zero output of adding or 
multiplying amplifiers and zero drift of the integrating 
amplifi ers. An extr emely fine adjustment of amplifier No. 7 
must be made after the circuit is reconnected to eliminate 
a slight drift in the output of amplifier No . 4. The above 
adjustments must be made in lieu of the ad justments pre-
scribed in the operational manual for the computers (12) as 
the operating instruction adjustments are not sufficiently 
precise for the low voltages encountered in this simulator 
when operated over a frequency range of three decades . 
The actual performance of the analogs for the ion chamber, 
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Center computer 
Ion chamber and mic romic roammeter equation: s 8v(s) = -4 cSv(s) + 25 x 10-r1 8 ¢, (s) 
Analog equation: s.6 V = -4.6 V + 2.5 .6f 
+4..6V 
1 A \....---------, 
From 
north 
3A - 2 .5 D.f 
computer 
- s.6 V +sAV 
Recorder equation: s2x = - 25 sSx(s) + 250 sSv(s) 
Analog equation: s2..6X = -25 sAX + 25s.6 V 
-25 s.6X 
7A\-- -------
+25 s.6V 
7B>--------'---i 
+ s2f:::.X -s2l::.X 
-l::.V 
9 
+ sl::.X 
Controller and react1vIty equation for e1..P¾ = 10; I= 5; and T = 11.5: 
s Sk(s) = 3.22 x 10-5(690 s2Jx(s) + 60 sox(s) + 58x(s» 
Analog equation: - s.6K1 = 4.44 s2.6X + 0.3865 sl::.X + 0.0322 f:::.X 
-o. 888 s2l::.X 
(47) 
(48) 
(56) 
(53) 
(55.) 
-s.6X 
J. 
Machine relationships: 
t = 5x 108 neutrons/cm2/sec 
&1> = 109 ..6p 
/J /JAM Set = 10-4 
8v = 0.1 .6V 
6X = .6X 1 
dk = 0.005 .6K I 
+ .6X 
'.2A ~:.:...:::-=-=---7 North computer 
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) -0.0773 s.6X 5 
:4B) -0.00644 AX 1 
+ 0.2 s.6 K1 -0.2 s .6K1 
F•igure 4: Analog circuit d iagrams for control sys1em 
+.6K, 
>---0 To Brush 4-channel recorder 
-.6 K1 
~- .• ,., ~ ·, 
• 
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micromicroammeter , recorder , and setpoint is plotted on Figure 
? and agrees with the theoretical performance within the 
limits of the accuracy of the measurements , A sample of the 
output as recorded on a Brush 4-channel strip chart recorder 
is ~hown in Figure 7. The measur~ments of magnitudes were 
mad~ to the nearest tenth of a milli meter. The percentage 
of error can be very large for the very small outputs which 
occur at high frequencies . The phase relationships can only 
be considered accurate to the nearest ten degrees for the 
most part as there Wa$ some error in the recorder and probably 
much more in the linear measurements, due . to the difficulty 
of making accurate determinations of the exact positions of 
peak vol tag es . 
The transfer function of the controller and reactivity 
is plotted in Figure 8 and Figure 9 for various other settings 
of the controller. The data from experimental runs are plotted 
in the Fi gures 6, 8, and 9 and agree within experimental ac-
curacy. 
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THE TWO-CORE REACTOR TRANSFER FUNCTI ON 
The UTR-10 is a two .. eore r eactor, which is critical 
under operating conditions because of the coupling between 
the two similar cores , each core being individually sub-
critical . One core has the regulating rod in close proximity 
to it; the other core has t he shim- safety rod next to it. 
In addition, each core has a saf et y rod with all rods so 
positioned that they have negligible effect on the coupling 
factor. The coupling between the cores is the result of a 
portion of t he l eakage from one core contributing to the 
neutron flux in the other cor e , and a portion of the l eakage 
from the second core contributing to the neutron flux in the 
f i rst core. 
In the information supplied by the manufacturer, the 
coupling was expr essed in t erms of the percentage of reactivity 
and the coupling will be us ed a s such in the development of 
the transfer function of the two- core reactor . 
In the following development of the transfer function, 
the core with the r egulating rod ~ill be referr ed to as core 
a, the core with the shim rod will be r eferred to as core b, 
and. the coupling f a ctor will be referred :to as A~ The 
transfer function for the two- core reactor will be developed 
for oscilla tion of the r eactivity of the core b with the re-
activity of core a held constant, due to t}?.e regulating rod 
being kept in a constant position. The reactivity of core b 
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will be changed by an external disturbance Sk0 • 
The differential equation for the neutrons in core a, 
using one group of delayed neutrons, will be: 
dn 
-1!. 
dt n + a 
where na is defined as the number of neutrons per cubic 
centimet er in core a, ca is the number of the delayed neutron 
precursors per cubic centimeter in core a , A is the average 
decay constant of the delayed neutron precursors in core a, 
l3 is the fraction of delayed neutrons, and ka is the multi• 
plication factor of core a . A is the reactivity by which 
each core differs from unity when the two- core assembly is 
criti cal and l* is the aver age neutron lifetime. 
The two cores are similar and the decay eonstant of 
the delayed neutrons, the fraction of the delayed neutrons, 
the average neutron lifetime, and the coupling factor f or 
core a is assumed to be the same as the respective values 
for core b; i . e . A a = "-b' / a = f3b , l* a = l*b, and A ap-
plies to both cores. Subscripts will be dropped when the 
constants are valid for either cere. 
The differ ential equation for the concentration of 
delayed neutron precursors in core a is as follows: 
( 58 ) 
Two analogous equations can be written for the rate of 
change of neutrons and the neutron precursors in core b by 
interchanging the subscripts a and b. 
( 59 ) 
and 
(60) 
I f the control rod by core a is kept in its steady-state 
position, ka- 1 will remain constant and the oscillation of 
the reactivity of core b will cause kb to vary from a constant. 
Let okb represent the deviation of the multiplication faetor 
from the steady- state multiplication factor of core b; there-
fore, kb- 1 = kb0 + &kb- 1. The subscript o will refer to 
the steady- state value. 
For small excursions na = nbo + 8na, nb = nbo + Snb, 
ca= cao + 8ca, and cb = cbo + 8 cb; therefore , the following 
differential equations may be written with the controller 
acting on core a and the external disturbance acting on core 
b: 
For core a: 
dna d 8na (kao + 8k8 - l - p ) 
= = (nao+ 8 na) dt dt 1* 
A (nbo+ Gnb) 
+ A (cao+ 8c ) + (61) a l* 
and 
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de d Sc 
--1!. - a dt - dt 
I 
= -1* (n + Sn ) - A (c + 8c ) ao a ao a (62) 
For core b: 
dnb d & nb kbo - 1 + 8 kb - f' 
dt = dt = l* (nbo + ~nb) 
A (nbo + 8 nb) 
+ A (cbo + 8cb) + 1 * (63) 
and 
The Equations 65 and 66 apply to core a at steady-state 
conditions. 
dna kao - l - /9 . A nbo 
d t = 0 = 1 * 0 ao + A c ao + 1 * (65) 
dca p 
- - 0 - - n .:l e dt - - 1* ao - ao (66 ) 
The terms whose sums are zero at steady-state conditions 
can be eliminated from the equations for core a . 
d cSna «S ka 
= --p;- nao + kao 
- 1 - t 
dt 
d 8c a 
dt 
l* 
+ )Jca 
ASnb 
+ -r,r 
f 
= -1* Sn - "- Sc • a a 
na 
&ka 
+ -rr ~na 
(67) 
(68 ) 
a ka &na The product of l* is a second order infinitesimal and 
may be neglected. Two similar Equations 69 and 70 may be 
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written for core b by interchanging subscripts a and b. 
The equations for the two cores may be reduced to 
Laplace-transform notation as follows: 
For core a: 
n 0 k -1- / 
s cS na (s) = 1~ 8ka (s) + ao l* 
+ ). ~ca (s) + ~ ~ nb (s) 
J3 
=p ~na(s)- ). ~ca(s) 
(69) 
(70) 
(71) 
(72) 
(73) 
(74) 
Equations 71, 72, 73, and 74 can be stated in terms of 
neutron flux by substituting~ for n. 
For core a: 
0ao kao- 1 - /3 
s ~0a (s) = V Ska (s) + l* ~0a (s) 
+ ).. v Sea ( s ) + f * S 0b ( s) (75) 
}!_ S0a (s) 
( s) = 1 * v - 'X ! ca ( s) (76) 
·.~ 
one 
3? 
For core b: 
+ ).. v Scb C-s) 
L ~~ <s ) 
(s) = 1 * V 
(77 ) 
(78) 
The two equations for each core can be combined into 
equation for each core. 
Sea (s) 
p S 0a ( s) 
=pv (s + ).. ) ( 79 ) 
80a (s ) G - kao- 1 -PJ 0ao 8ka (s) l* = l* 
p S0a (s) A ( s) (80) + Ar,r (s + 'X. ) + p 8 0b 
~ k - 1 - ). /3 (s ; A)] = 0ao Ska (s) 8 0a (s ) s - ao 1 * - -rr l* 
A 
+ 1 * $ 0b (s) (81) 
An equivalent equation can be written for core b. 
[s kbo- l - p l::.l_ ( l )~ 
- 1 * - 1 * \( s + A.) 1J 
(82) 
A transfer function for the flux in core bin response 
to the change in the multipl ication factor of core b can be 
determined for the conditions: the flux at the ion chamber 
is the flux in core a; the steady-state flux in core a is 
equal to the steady-state flux in core b; the multiplication 
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factor of core a is kept constant; and the coupling factor A 
is constant . The t erm ~ao Ska (s) becomes zero and the equa-
tion for core b can include the equation for core a . 
(83) 
For the steady- state conditions where 0ao = 0bo' the 
equations k - l - r-J = kb - 1 - /3 , and k - 1 = kb -1 - - A ao 1- o ao o 
are true. The transfer function can be written in values for 
core b .. 
S9Jb (s) 
01?0 
= 
( + A + /3 )./ I 1 )) 
s l* . - -p'\'g + ;>.. ( 84 ) 
[ ( A + /!. U( 1 )' 2 ( A ) 2J l* s + 1* - l* s + )..1 ... p 
_ [ s21 * + s >J. * + (A + /3) s + A )J ( s + ). ) 
- [ s21* + s Al* + (A +/3) s +.A A]2- A2 (s + A)2 
(85) 
The numerical yalues supplied by the manufacturer, 
. -4 --. -1 /3 4 1* = 1.35 x 10 sec., A= 0.08 sec. , = 0.006, and 
A= 0 . 0155 can be substituted in Equation 85 to give the 
following equati on: 
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S~b(s ) [ 1. 35x10-4s2+ 1.08x10- 5s + 0. 0219s 
_0..:.bo~- = + 0 . 00124] [s + 0 . 08] (86) 
~kb{s ) [1. 3,x10- 4s2+ 1.08x10- 5s + 0.0219s 
+ 0. 00124] 2 - 2 . 4ox10-4( s + 0 . 08)2 
The ter m 1 . 08 x 10-5s is insignificant when compared 
with 0 . 0219 sand may be dropped . The multiplication and 
summation of terms yiel ds the final equation 87. 
= 7422 ( s3+ 162 .3 s 2+ 22 .15 s + 0. 735) 
(s4+ 324 s3 + 13 ,500 s 2 + 873 s ) 
(87) 
The· gain and phase shift versus frequency are plotted 
in Figur e 11. If the gain of the two- core reactor as plotted 
in Figure 11 i s compared with the gain curve for the single ... 
core reactor in Figure 3, it may be noted that the shape of 
the two curves is similar, but the magnitude is quite dif-
ferent . Inspection of Equation 87 shows that 7422 is a 
L. 
constant term (which is the reciprocal of 1.35 x 10- ·) . 
Tbese observations indicate that the actual average neutron 
lifetime is somewhat less than 1.35 x 10-4 f or the neutrons 
whieh remain in the respecti ve core of the twoNcore reactor , 
in whieh they were ' born'; however , the neutrons which go 
from one core to the other, to furnish the coupling between 
the two cores, require a sufficiently l ong period of time to 
travel between the cores that the average lifetime of all 
neutrons is effectively l engthened to 1. 35 x 10- 4 seconds, 
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·when the reactor is considered as a single core. 
The similarity of the phase- shift curve of the two ... core 
reactor to the phase-shift curve of the single- core reactor 
also indicates that the transfer functions of the two types 
of reactors differ by a constant such as the value of the 
average neutron lifetime. 
The Laplace-transform Equations 88, 89, 90 , and 91 can 
be derived using the assumptions made in developing the trans-
fer function of the single- core reactor. 
A 
+ p 8!l'b(s) 
(88 ) 
(89) 
A 
+p 80a (s ) 
() _ _f!_ \\ s 8cb s - vl* o0b ( s ) - ~ 8cb ( s ) 
The following equations are the result when 
l* = 1 . 35 x 10-4 sec., A= O.O155 , /3 = 0. 0064, A = 0 . 08 
and v = 2. 2 x 105 cm/sec. : 
(90 ) 
(91) 
- 1 sec. , 
s S0a(s) = 74220a0 8ka(s) - 162 . 280a (s) + 1.76 x 104sca(s) 
+ 114. 8 80b (s) (92 ) 
s Sca = 2. 154 x 10- 4 60 (s ) - 0.08 Sc ( s ) · (93) 
a a 
s 80b = 74220b0 8kb(s) - 162. 280b(s) + •1 . 76x10
4 8cb(s) 
+ 114. 8 80a Cs) {94) 
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The computer equations can be derived from the two-core 
reactor equations through the use of the relations previously 
used for the single core reactor, using the method of Korn 
and Korn (17). If 0 = ~b = 5 x 108 neutrons, the fol~ ao o 
lowing relations can be used: 
S'0a (s) = (109).6.f a ~0b (s) = (109) .6 l b 
Ska (s) = (5 X 10-3).6. Ka ~kb (s) = ( 5 X 10~3) &¾ 
$ca(s) = (4 x 106 ).6.Ca ~ cb(s) = (4 x 106).6 Cb 
The computer equations are listed as follows: 
s .6.Ja = -162.26.fa + 18.56.6K8 + 70. 4 .6.ca + 114.8.6 / b (96) 
-s.6.Ca = ... 0.0539,tJa + o.o86Ca (97) 
S6Pb = -162.~/ b + 18. 5'6,6Kb + 70. 4.6.Cb + 114.8L:Ja (98) 
-s6Cb = -0. 053~fb + O. 08.6 Cb (99) 
The circuit diagrams of the two-core reactor are shown 
in Figure 10 with experimental results for a disturbing re-
activity applied to the analog for core b plotted in Figure 
11.- '.I'he experimental results agree with the theoretical 
values at the trial frequencies within experimental accuracy. 
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DISCUSSI ON OF THE RESULTS 
The frequency response of the single- core reactor wit h 
control system is plotted in Figures 12 ,. 13, and 14. In 
Figure 12 the response curve of the reactor with a controller 
setting of · o<P% ::: 100 indicates that the controller exercises 
little control of the react or . The dashed lines on Figure 
12 ar e the response curves for the reactor with-out any control, 
and the response of the reactor with controller is approxi-
mately the same or slightly more unstable. This woul d in-
dicate that for the controller to tend to 9tabi1ize the re-
actor response , the o<P% adjustment must be set at a value 
much lower than 100. 
Figures 13 and 14 show the results of the runs with 
Ol:'. P% set at 10 and the other adjustments I and T varied . 
The curves on Figure 13 with I set at 100 show a positive 
phase- shift and a decreasing gain as the frequency is re-
duced , indicating that I must be a l arge value for stable 
conditions at extremel y low frequencies of oscillation. The 
curve on Figure 13 with I set at 5. 0 and the curves on Figure 
14 . emphasize the requirement that I should be a large value 
for stability of the reactor . 
Figure 15 compares the single- core and t wo - core react or 
response curves at c<P% = 20, T = 6.o, and I= 1 . 0 . The 
shapes of the gain curves are quite similar t hough different 
i n magnitude. The phase- shift curves are very similar in 
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shape, and differ only a small amount in magnitude at low 
frequencies. This difference in magnitude is due to the 
difference in magnitude of gain of the reactors without the 
control system. The gain increased as the frequency \vas re-
duced and the phase-shift became more negative , indicating 
that either reactor becomes more unstable at l ower and lower 
frequenci es. 
Figures 16 and 17 for the two- core reactor indicate that 
l arge o<.P% set tings tend toward ins ta bili ty in much the same 
manner as for the single-core r eact or, and the small o( P% 
setting with I= 100 tends t oward stability at lower 
frequencies . Tests were made with step disturbing functions 
and indicated that ctP% must be small and I large for 
stability. T influences overshoot and undershoot in return-
ing to steady- state conditions , but the time required to 
return to steady- state is about the same. 
The single-core reactor and the two-core reactor have 
very similar response curves, the ma jor difference is the 
magnitude of the gain. The gain is proportional to the 
reciprocal of the average neutron lifetime for both the 
single- core reactor and the two- core reactor. 
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CONCLUSIONS 
Within the accuracy of the results of the thesis , the 
following conclusions seem justifiable: The least deviation 
from a set point will occur with the proportional band ad-
justment (P%) set at its minimum value and the reset re-
sponse adjustment ( I) set at its maximum value. The rate 
response adjustment (T) controls the undershoot and overshoot 
of the control output to the reactor. The screw driver ad-
justment for "fraction of full scale setting" ( o<.) changes 
the effect of the proportional band adjustment . 
The difference in performance between the single-
core reactor and the two-core reactor indicates that the 
average neutron l ifetime value for the two.core reactor should 
be considerably less to give it the same performance as the 
single-core reactor with the given average neutron lifetime 
5 -4 of 1.3 x 10 sec. Apparently the coupling on the two-core 
reactor with a short average neutron lifetime and the greater 
proportion of reflected neutrons causes it to have a transfer 
function which is similar in its r €sponse to the transfer 
function of a single~core reactor with a longer neutron life-
time. The neutrons that are reflected from the moderator 
between the t wo cores as well as from the reflector for each 
core add to the average of the neutron lifetime of the two-
core reactor to cause it to respond as a single- core reactor 
of a longer average neutron lifetime. 
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SUGGESTIONS FOR FURTHER STUDY 
The reactor and control system with temperature coef-
ficient could be simulated to study the effect of the tempera-
ture coefficient upon the behavior at high power levels . 
The computer that was used in this thesis could be 
programmed for a simulation of the single- core and two-core 
reactors, over a single decade, at low frequencies for mor e 
accurate data withi n its range . Programming for a r ange of 
one decade in frequency would reduce the possibility of such 
low output voltages as were encountered in this experiment. 
The use of electronic multipliers ·would be advantageous in 
setting up analogs that would more accurately simulate the 
single- core and two- core reactors and control system. 
The response of the reactors over a range of t hree 
decades was studied in this thesis ; perhaps a logarithmic 
r elationship could be us ed in scaling to simulate the UTR-10 
over a range of many decades. 
1 . 
2 . 
4. 
6. 
7. 
8. 
10. 
11. 
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APPENDIX 
Table 2 . Response of the single-core reactor and 
system to sinusoidal disturbances 
control 
Frequency S0 / 00 ak1/ k0 in cps Sk0 / k0 i x 
Magnitude Phase shift Magnitude Phase shift 
in degrees i n degrees 
Run No. 9 a P% ::: 100; I::: 100; T = 11 , 5 
0.01 368 - 28 .0 4.28x10-1 -95.6 
0.02 236 - 28 .. 4 1 .98:xl0- 4 - 65. 6 
0 .05 182 -18 .. 9 5.3 xio:3 -74.5 0 . 10 170 - 13.8 1.21x10 3 +88.3 0. 20 163 -15. 4 2. 95x10: 3 +95,6 o. 50 140 
-14. 9 7. 40xl0 2 +97 .8 1. 0 129 -13.2 1.38x10-2 +103 2. 0 127 -11. 9 2 .82x10: 2 +100. 2 5.0 132 -24. 5 7.21x10 1 +105.0 10. 0 99 
- 59-3 1.45x10- +103 ,0 
Ru.'l'l No. 10 °'P% ::: 100; I= 100; T = 2. 7 
0.01 298 -34.2 3.9ox10-3 
-93.2 0 .02 216 - 22. 5 2 .12x10-a 
- 55. 7 0 .05 171 -18. 4 7.03x10- L. -76.1 0 .1 168 -14.1 3. o,x10: 4 -24. 8 0.2 164 
- 6 . 7 5-27xl0 3 +67.4 0 . 5 160 -16.1 l . 56x10-3 +87. 8 1.0 151 -14 3.1+9x10-3 +97.4 2 , 0 150 -16. 9 6. 5ox10-2 +95.8 5.0 139 -34.9 1.69x10 .. 2 +100.0 
10.0 90 -62 . 5 2.19x10- +111. 2 
Run No . 11 o<.P% ::; 100; I = 100; T = 0. 5 
0 . 01 334 -38.9 4.48xl◊-§ 
-79 -5 0.02 224 
-2,. 7 2.44x10: l - 92 . 8 0 . 05 178 ... 17.1 l . 09xl 0 
-75-5 0.1 178 - 10. 1 5.llxl◊-4 -56,o 
0.2 170 ... 9.0 2.64x10-4 - 29.1 o.; 170 
- 7. 2 3.07x10-4 +49. 5 
1 . 0 165 -12. 0 7.66x10-3 +77. 6 2 . 0 160 
-18 .. 1 l . 35xlo-3 +82 . 4 5.0 138 -36. 8 3. 16x10-3 +85. 8 
10. 0 104 
-73 .5 5.46x10- +94.8 
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Table 2. (Continued) 
Frequency S!?J / 00 J k1 / ko in cps $ koZ ko ax 
Magnitude Phase shift Magnitude Phase shift 
in degrees in degrees 
Run No. 12 ocP% = 100; I= 0.5; T = 7.1 
0.01 225 -47.2 2.045x10--6 +40.8 
0.02 180 -32.2 3.29 x10:t +62.1 
0 .05 165 -18 .1 5.15 xlO 5 +80. 8 0.1 160 - 9. 6 l.058x10- 5 +88.0 0. 2 158 - 9.0 1. 936x10-5 +91 . 5 0 .3 150 - 8.1 4 .71 xlo-5 +95.5 o. 4 147 -13.6 3.82 xlo-5 +87. 9 0. 5 142 -14.7 3.88 x10- +86 .5 
0. 7 136 -12.1 6.66 x10-z +103.2 
1.0 132 -16 . 0 1.06 xlo- 4 +102.4 2 . 0 130 -12 . 1 1. 916x10:4 +98.0 3. 0 129 -15-9 3.92 xlO 4 +101.6 
4. 0 129 -23.8 3.86 xio: 4 +104.8 5.0 127 -30.6 4. 81 xlO ti +102.8 
7.0 116 -38.1 7.14 xio: 3 +115. 5 8. 5 107 - 51 . 8 1. 013x10 3 +103.6 10.0 97 .. 53 .7 1.161x10- +125. 7 
Run No . 13 o< P% = 10; I= 100; T = 11.5 
0 . 01 96 +71 . 3 4 -4 -80.5 -37xl0 4 
0 . 02 166 +38. 4 2.4ox10:, -82 .3 
0 .05 161 - 9.2 2.85xl0 4 -33 .4 
0.1 130 
-31-5 1.187x10-4 +82 . 1 0. 2 90 -37-4 2.88 xl0- 4 +100. 9 
o. , 45.8 -30.2 7.26 xl0-3 +90. 0 1 . 0 37. 4 -13.1 1.55 xlo-3 +101 .0 2. 36.6 + 6.5 2.74 xlo-3 +87.6 5.0 73.0 +23 . 0 5.33 xlO- +103 . 0 
Run No . 14 o(P% = 10; I = 100; T = 2.7 
0 . 01 98 +79.3 4.47 xlO- ~ - 82 .0 
0. 02 170 +38.0 2.~5 xio-5 -87. 7 0. 05 1?6 0 8. 8 xio-5 -72 . 2 0.1 164 - 7.8 2.75 xl0- 5 -25.8 
0 . 2 156 -13 . 5 5.49 x104 +72.8 0. 5 108 - 20. 2 1.64x10- 4 +86.3 
1.0 98 -16 . 2 3 . 5ox10: 4 +87 .. 1 2.0 90 - 6.0 7. 0lxlO +10392 
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Table 2. (Continued ) 
Frequency $0 /'/Jo ~kl / ko in cps 
~ko / ko sx 
Magnitud~ Phase shift Magnitude Phase shift 
in degrees in degrees 
5.0 115 -16. 9 -3 +106.5 1.701x10 3 10 .0 102 - 52.4 3. 51 xio- +142 .3 
Run No. 15 olP% = 10; I= 5.0; T = 11. 5 
0 .01 240 
-37.3 6 .. 3 -12. 2 2. 3 xlo_3 0 . 02 166 
-31. 3 2.47 x10_3 +51.1 0 . 05 137 -28. 8 7.90 xlO 2 +82 . 7 0.1 109 -35.4 l . 646x10- 2 +91+. o 0. 2 76 -42.5 3.125x10:2 +90. 4 0.5 44 -35.1 6. 40 xl0_1 +99. 7 0.7 39 .6 -23.4 l .097xl0_1 +105.1 1 34.6 -18.4 1. 512xl0~1 +104. 8 2 35. 2 + 4.3 3.10 xlO l +102. 5 
4 45.4 +14.3 5. 86 xlO- +108 . 8 
7 68.o +20.1 1 . 277 +107. 6 
10 93 . 0 0 1 .867 +116.6 
Table 3. Response of the single- core reactor and control 
system t o sinusoidal disturbances 
· Frequency in cps 
Run No. 16 o<P% = 10; I 
0.01 
0.02 
o.o4 
0 . 06 
0. 08 
0 .10 
0. 20 
0. 30 
0. 50 
0.7 
1 . 0 
Magnitude Phase shift 
in degrees 
= 0. 5; T == 11. 5 
208 
- 48.9 
i56 -36.6 
137 -31.7 
133 -33 ♦ 7 
122 
-35. 6 
113 
-37.4 
78 -43.6 
61 .3 
-43 . 5 
46.0 
-38 . 2 
38.8 
-29.3 
35. 2 -13. 8 
Table 3. (Continued) 
Frequency in cps 
2 . 0 
4. 0 
7. 0 
10.0 
Run No. 17 G(P% = 10; 
0 . 01 
0. 02 
0. 035 
0. 05 
0 . 07 
0 . 1 
0.2 
0.3 o., 
0. 7 
1.0 
2 . 0 
3. 0 
4. 5 
7.0 
10 . 0 
Run No. 18 o<. P% = 20; 
0 . 01 
. 02 
.05 
0.1 
0 . 2 
0. 5 
1. 0 
2 . 0 
5.0 
10. 0 
60 
Magnitude Phase shift 
in degr ees 
35.0 
45.3 
67. 6 
93.7 
I= 0. 5; T = 0.5 
248 
190 
181 
169 
170 
169 
167 
160 
157 
157 
15'5 
15'~ 14 
135 
115 
95.3 
I = 1 . 0; T = 6 .. o 
235 
183 
160 
150 
133 
103 
84.9 
84. 9 
111 
105 
0 
17. 7 
17.2 
- 5.7 
-47.6 
-35.1 
-24.6 
-16. 6 
- 12. 9 
- 8. 2 
- 7.5 
-11 .1 
- 10. 9 
- 9.2 
- 16. 1 
-15. 7 
- 26 . 1 
-30-7 
-47.1 
-46 .. 1 
- 51 .1 
-30. 5 
- 22 . 7 
-15. 6 
- 21.9 
-21.4 
-17. 6 
- 4.9 
-10. 2 
-~-,.4 
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Tabl e 4. Response of the t wo-core r eactor and control system 
to sinusoidal disturbances 
Frequency in cps S0 / 00 
Sk0 / k0 
Magnitude Phase shift 
in degr ees 
Run No. 19 o< P% = 100; I= 100; T = 11. 5 
0.01 148. 3 - 52. 5 
0 .02 89.0 -37. 6 
0 .05 77. 1 -18. 3 
0.10 74.1 -12. 8 
0 . 2 71.2 -13. 7 
0. 5 65. 3 -11. 7 
1.0 59. 4 -12. 8 
2. 0 59.4 -13 . 6 
5.0 57. 8 .. 36. 5 
10.0 37. 6 -71 . 8 
Run No . 20 ~P% = 100; I= 100; T = 2. 7 
0. 01 145. 3 -48. 0 
0.02 91 .1 -35. 4 
0. 05 77.1 
-10. 4 0 .10 72.2 -14. 
0.2 71.2 - 9.1 0.5 69.7 - 8.7 
1. 0 68. 5 -15.3 
2.0 66 . 5 -17. 4 5.0 58. 6 - 45.8 
10 . 0 36.4 
- 77-3 
Run No . 21 o<P% = 100; I= 100; T = O. 5 
0.01 139. 3 -44.7 
0.02 96.9 
- 32 -3 0.05 80. 1 -19.8 
0 . 10 78.1 -12.4 
0. 20 78 .1 -11.1 
0. 50 71 . 2 -13.5 
1.0 71 . 2 -11.7 
2 .0 70. 2 
- 23 -7 5. 0 60.5 - 42 . 5 
10.0 38 .8 - 82 . 2 
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Table 4. (Continued) 
Frequency in cps S0 / !210 
~ko/ ko 
Magnitude Phase sh:i,.ft 
in degrees 
Run No. 22 cx. P% = 100; I = o. 5; T:; 11. 5 
0.02 93 .9 -38., 0.05 77.1 - 24·.o 
0 . 1 76.2 -17 .. 4 
0 . 2 81 .1 -16.9 0.5 69.3 -16.2 
1 . 0 58. 1 -10. 3 
2 . 0 59.4 -15.1 5.0 56.9 -36.6 
10. 0 37.6 -68.1 
Run No. 23 oL P% ::: 100; I = 0.5; T = 0,5 
0 . 01 
0 . 02 94 .o -40.4 
0 . 05 76.1 -16. 1 
0.10 71 . 2 -12 . 8 
0.20 74.2 .. 9.2 0.5 78.1 
- 8.7 
1 . 0 72.2. -14,6 
2 . 0 70.0 .:.19.6 
5 . 0 57. 7 -414-.9 
10.0 38.1 -87.6 
Run No. 24 o(P% = 10; I= 100; T = 11,5 
0 . 01 89 44.7 
0 . 02 95 6.0 0.05 72 . 2 -23 . 0 
0 .10 64.2 
-25.6 
0 . 20 47. 5 
-37-5 
o. 50 29. 6 -34.6 
1 . 0 22 . 1 - 22.4 
2 . 0 23.3 .. 6.2 5.0 31. 8 3. 7 
10. 0 41., 57.3 
Run No. 25 o<: P% = 10; I= 5; T c: 11. 5 
0 .01 Unstable 
0. 02 79.1 -40 , 2 
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Table 4. (Continued) 
Frequency in cps ~0 / r/Jo 
Sk0 / k 0 
Magnitude Phase shift 
in degrees 
0.05 69.1 -36.9 
0.10 i9-3 -37. 6 0 . 2 4. 7 -41.2 
0 . 5 29.6 -36. o 
1.0 22. 3 -21.8 
2 . 0 22.8 ... 6.o 
5.0 30.8 - 0 
10. 0 41 . 5 --62.6 
Run No. 26 o(P% = 10; I= 100; T = 2.7 
0 . 01 81 .9 46.3 
0.02 93.7 3. 0 
0 . 05 ?6. 7 0 
0.10 72.0 - 9.3 
0.20 67.2 -12.5 
0 . 50 
~3.8 -15- 7 1.00 8. 3 -14. 4 
2. 0 48.3 - 7. 7 5.0 51. 4 -26.8 
10.0 39.5' -51 . 6 
Run No. 27 o( P% = 10; I= 0.5; T = 11. 5 
0.01 
-0 .02 79 .1 - 43 . 0 
0.05 60. 3 -35.8 
0 . 10 59.3 -40.7 
0 . 2 46. 7 -42.8 0. 5 28.9 -35-7 
1 . 0 23 . 1 -20.8 
2 . 0 21 . 9 - 5. 95 
5.0 a2.6 0 
10.0 1. 2 -50 
Run No . 28 d-P% = 20; I= 1.0; T = 6 . 0 
0 . 01 148.2 -56. 5 
0 .02 80.1 - 33 , 6 
0 . 05 76.1 "'.'22. 5 
0 .1 67.3 -21.1 
0.2 6?. 3 -20.0 
Table 4. (Continued) 
Frequency in cps 
o., 
1 . 0 
2.0 
, .o 
10.0 
64 
Magnitude 
51 . 4 
44.9 
45. 8 
51.4 
79.1 
Phase shift 
in degrees 
-13. 5 
-14.7 
.. 6.1 
-28.0 
-71. 3 
